Sodium-glucose co-transporter 2 inhibitors (iSGLT2) have been linked to a considerable reduction in cardiovascular risk in patients with type 2 diabetes (T2D), but the precise molecular mechanisms are still elusive. We aimed to evaluate the effects of the iSGLT2 empagliflozin on systemic inflammation and its potential antioxidant properties. This is an observational, prospective follow-up study of a cohort of fifteen patients with T2D who received 10 mg/day of empagliflozin according to standard clinical care. Measures at baseline, 12 and 24 weeks were taken. Metabolic and anthropometric parameters were evaluated. Production of mitochondrial superoxide, glutathione content, and glutathione s-reductase and catalase mRNA levels were measured in leukocytes. Serum levels of myeloperoxidase, hs-CRP and IL-10 were determined. In addition to decreased body weight and reduced glucose and HbA1c levels, we observed a reduction in superoxide production in leukocytes of diabetic patients and increased glutathione content, prominently after 24 weeks of empagliflozin treatment. Leukocyte expression of glutathione s-reductase and catalase, and serum levels of IL-10 were enhanced at 24 weeks of empagliflozin treatment. Concomitantly, reduced hs-CRP and myeloperoxidase levels were seen. This study provides evidence of the antioxidant and anti-inflammatory properties of empagliflozin treatment in humans, which may contribute to its beneficial cardiovascular effects.
Introduction
Type 2 diabetes (T2D) is one of the most common chronic metabolic diseases, strongly associated with cardiovascular diseases, which account for up to 80% of deaths among the diabetic population, thus constituting a serious health problem [1] [2] [3] . The characteristic metabolic disturbances of T2D are insulin resistance, hyperglycaemia and altered lipid metabolism, which sustain a state of subacute chronic inflammation [4] . At the cellular level, these alterations lead to a shift in the balance between oxidants and antioxidants in favour of oxidants, such as superoxide, which is released mostly as
Experimental Section

Patients and Sample Collection
This is a post-authorization, observational, prospective follow-up study of a cohort of patients with T2D. The T2D diagnosis was confirmed according to the American Diabetes Association's criteria [19] .
Fifteen patients with T2D who received treatment with empagliflozin according to standard clinical care for T2D and who met the inclusion and exclusion criteria of the study were recruited from the Endocrinology Service (University Hospital Doctor Peset). Initially, 17 patients were included in the study, however, two were excluded due to lack of adherence to the treatment.
The inclusion criteria were as follows: age between 40 and 70 years of age and time of evolution of the disease greater than 10 years. Exclusion criteria were the following: significant renal impairment (creatinine >1.5 mg/dL or eGFR < 60 mL/min/1.73 m 2 ); severe diabetic neuropathy; chronic diseases other than those directly related to cardiovascular risk; morbid obesity (BMI > 40 kg/m 2 ); smoking habit or habitual alcohol intake. Patients were also excluded if other hypoglycaemic, antihypertensive or lipid-lowering treatment had been altered (changes in dose or type of drug) in the previous year or during the study period. The treatment consisted of 10 mg/day of empagliflozin for 24 weeks taken orally, and measurements were taken at baseline and at 12 weeks and 24 weeks. Given the safety and tolerability of empagliflozin [20] in patients with type 2 diabetes, and the efficacy demonstrated in large-scale clinical trials [17, 18] , the dose of 10 mg/day was chosen. Urinary tract infections and genital infections are the most common side effects for iSGLT2 treatment, and none of the subjects developed any of these conditions in the study period.
The study was performed in compliance with the statement of ethical principles for medical research of the Declaration of Helsinki and approval was obtained from our hospital's Ethics Committee (CEIC 30/17) for all procedures involving human subjects. Informed written consents were obtained from all patients before their participation.
Anthropometric and Biochemical Analyses
During each visit patients underwent a physical examination to obtain anthropometrical measurements such as weight (kg), height (m), waist circumference (cm), systolic (SBP) and diastolic blood pressure (DBP, mmHg). Overnight fasting blood was collected from the antecubital vein between 8:00 a.m. and 9:30 a.m. Samples were centrifuged at 1500 g for 10 min at 4 • C to obtain serum for biochemical and molecular determinations.
Glucose levels were measured using enzymatic techniques and a Dax-72 autoanalyzer (Bayer Diagnostic, Tarrytown, NY, USA). Fasting insulin levels were quantified by immunochemiluminescence (Abbott, Madrid, Spain). Homeostasis model assessment of insulin resistance index (HOMA-IR) was estimated as (fasting insulin (µU/mL) × fasting glucose (mg/dL))/405. The percentage of HbA1c was obtained with an automatic glycohaemoglobin analyzer (Arkray Inc., Kioto, Japan).
The lipid profile was analysed as follows: total cholesterol and triglyceride levels were obtained by means of enzymatic assay, high-density lipoprotein concentration (HDL-c) was determined with a Beckman LX20 analyzer (Beckman Corp., Brea, CA, USA), and low-density lipoprotein concentration (LDL-c) was calculated with Friedewald's formula. High sensitive C-reactive protein (hs-CRP) concentration was assessed by latex-enhanced immunonephelometric assay (Behring Nephelometer II-Dade Bhering, Inc., Newark, DE, USA).
Leukocyte Extraction
Blood collected in heparinized tubes was incubated for 45 min with dextran (3% w/v in saline solution; Sigma Aldrich, St. Louis, MO, USA). A gradient centrifugation was performed by placing collected supernatants on Ficoll-Hypaque (GE Healthcare, Chicago, IL, USA) and centrifuging them at 650 g for 25 min at room temperature. A bottom phase containing leukocytes was collected and centrifuged at 650 g for 10 min at room temperature. The pellets were collected, washed with phosphate buffered saline (PBS; Sigma Aldrich, St. Louis, MO, USA) and resuspended in Hank's Balanced Salt Solution (HBSS; Sigma Aldrich, St. Louis, MO, USA). Pellets were counted and divided into aliquots and used fresh or stored at −80 • C until utilization.
Superoxide Production and GSH Content
MitoSOX Red mitochondrial superoxide indicator-MitoSOX™-(MTX, 5 × 10 −6 mol/L; Thermo Fisher Scientific, Waltham, (Massachusetts), USA) was employed to evaluate mitochondrial superoxide oxidation, and CellTracker™ Green 5-chloromethylfluorescein diacetate (CMFDA, 1 × 10 −6 mol/L; Thermo Fisher Scientific, Waltham, (Massachusetts), USA) was used to assess GSH content. After extraction, 1.5 × 10 5 of fresh isolated leukocytes were seeded per well in 48-well plates and incubated with the corresponding fluorescent probes for 30 min. Cells from each subject were seeded in triplicate and 12 images per well were recorded. Fluorescence was analyzed with a fluorescence microscope (IX81; Olympus Corporation, Tokyo, Japan) coupled with the static cytometry software "ScanR" (Olympus). In order to visualize nuclei, we coupled both fluorochromes with Hoechst 33342 (4 × 10 −6 mol/L, Sigma Aldrich, St. Louis (Missouri), USA).
Fluorescence was standardized and referred to as percentage of control.
Quantitative Analysis of GSR and CAT Gene Expression
Total RNA was extracted from the pellet of leukocytes using GeneAll Ribospin™ Total RNA extraction kit (Geneall Biotechnology, Hilden, Germany) following the manufacturer's protocol.
Quantitative RT-PCR (qRT-PCR) analysis was carried out using FastStart Universal SYBR Green Master (Sigma Aldrich, St. Louis (Missouri), USA) and the 7500 Fast RT-PCR system (Life Technologies, Carlsbad, CA, USA). The purity and concentration of the RNA in samples was ascertained and calculated using a NanoDrop 200c spectrophotometer (Life Technologies, Thermo Fisher Scientific) at an absorbance of 260 nm/280 nm (A260/280).
First strand cDNA was attained by means of a RevertAid first-strand cDNA synthesis kit (Life Technologies, Thermo Fisher Scientific). qRT-PCR reactions were carried out as follows: 10 min at 95 • C, 40 cycles (designed in one step) at 95 • C for 10 s and one cycle at 60 • C for 30 s, and a melting curve stage.
Primers used for the study of mRNA expression of GSR were: Forward, GTGGAGGTGCTG AAGTTCTCC and Reverse, AACCATGCTGACTTCCAAGC; and for CAT were: Forward, CTTC GACCCAAGCAACATGC and Reverse, CGGTGAGTGTCAGGATAGGC. Data were normalized to GAPDH by using the primers: Forward, CGCATCTTCTTTTGCGTCG and Reverse, TTGAGG TCAATGAAGGGGTCA. Relative quantification was carried out according to the comparative 2 −∆∆Ct method. Data were analyzed with Expression Suite software (Life Technologies, Thermo Fisher Scientific).
Myeloperoxidase (MPO) and Interleukin 10 (IL-10) Levels
MPO and IL-10 levels were evaluated in serum using a Luminex 200 flow analyzer system (Millipore, Austin, TX, USA).
Statistical Analysis
GraphPad Prism version 7.00 (GraphPad Software, La Jolla, CA, USA, www.graphpad.com) was employed for statistical analysis. Parametric data are expressed as mean ± standard deviation (SD) and non-parametric variables as median (25th and 75th percentiles). Bar graphs show mean ± standard error of the mean (SEM). The three groups were subjected to repeated measure one-way ANOVA analysis followed by Tukey's multiple comparison test or the Friedman test followed by Dunn's multiple comparisons test for parametric and non-parametric data. When only 2 groups were compared, a paired t-test was employed.
Differences were considered significant when p < 0.05.
Results
Anthropometric and Biochemical Parameters
The present study involved 15 diabetic subjects who initiated treatment with empagliflozin according to the standard clinical care for T2D. Among these patients, five were on treatment with metformin, one with insulin, four with metformin + DPP-4 inhibitors, two with metformin + DPP-4 inhibitors + insulin, two with metformin + insulin, and one patient received empagliflozin as monotreatment. However, all patients had received stable glucose-lowering therapy for at least 12 months before the study and continued to do so during follow-up; hence, empagliflozin treatment was the only substantial change in their treatment. With regard to lipid-lowering drugs, 80% of patients received statins. A total of nine patients took antihypertensive medications, five of which with diuretic treatment. Retinopathy and nephropathy affected 20% and 33% of T2D patients, respectively.
Anthropometric and metabolic characteristics of the study group are shown in Table 1 . We observed a significant decrease in weight after 12 weeks of empagliflozin treatment (p < 0.05), and a further decrease at 24 weeks of treatment (p < 0.05 compared to baseline, and also between 12 and 24 weeks), together with a marked reduction in waist circumference (p < 0.01 between baseline and 24 weeks). Systolic and diastolic blood pressure remained unchanged during the follow-up period. Regarding lipid profile, our data showed a modest increase in total cholesterol at 12-weeks of empagliflozin treatment (p < 0.05), but this increase was not maintained at 24-weeks, though levels were still higher than at baseline. LDL-c and HDL-c levels increased slightly, but did not show significant differences after treatment. Triglyceride levels increased transiently at 12 weeks of treatment (p < 0.05). Lastly, when we analyzed insulin levels and HOMA-IR index, no differences from baseline were noted after treatment with empagliflozin. Patients whose treatment included insulin were excluded from HOMA-IR and insulin assessments. As expected, glucose levels decreased with empagliflozin treatment and became significant at 24-weeks of treatment (p < 0.05; Figure 1A ). We observed the same pattern in HbA1c % (p = 0.09 at 12-weeks and p < 0.05 at 24-weeks treatment; Figure 1B ). J. Clin. Med. 2019, 8, x FOR PEER REVIEW 5 of 12 significant differences after treatment. Triglyceride levels increased transiently at 12 weeks of treatment (p < 0.05). Lastly, when we analyzed insulin levels and HOMA-IR index, no differences from baseline were noted after treatment with empagliflozin. Patients whose treatment included insulin were excluded from HOMA-IR and insulin assessments. As expected, glucose levels decreased with empagliflozin treatment and became significant at 24-weeks of treatment (p < 0.05; Figure 1A ). We observed the same pattern in HbA1c % (p = 0.09 at 12-weeks and p < 0.05 at 24-weeks treatment; Figure 1B ). 
Mitochondrial Superoxide Production and GSH Content in Leukocytes
Data showed a tendency (p = 0.059) to produce less mitochondrial superoxide after 12 weeks, a value that became statistically significant after 24 weeks (p < 0.05; Figure 2A ) and is indicative of a reduction in oxidative stress. 
Data showed a tendency (p = 0.059) to produce less mitochondrial superoxide after 12 weeks, a value that became statistically significant after 24 weeks (p < 0.05; Figure 2A ) and is indicative of a reduction in oxidative stress.
GSH content, an endogenous antioxidant, increased significantly after 12 weeks of treatment (p < 0.05) and this trend was maintained after 24 weeks (p < 0.01; Figure 2B ). Despite this antioxidant marker improvement, plasma carbonyl content did not change after either 12 or 24 weeks of empagliflozin treatment (data not shown). 
Antioxidant Gene Expression
Besides GSH content, we evaluated GSR gene expression, which codifies for the enzyme involved in GSH synthesis. As shown in Figure 2C , GSR levels increased significantly after 24 weeks of treatment (p < 0.05) compared to baseline. The same pattern was observed for the mRNA expression of CAT, another key antioxidant enzyme, which augmented in a significant manner after 24 weeks of treatment (p < 0.05; Figure 2D ). GSH content, an endogenous antioxidant, increased significantly after 12 weeks of treatment (p < 0.05) and this trend was maintained after 24 weeks (p < 0.01; Figure 2B ). Despite this antioxidant marker improvement, plasma carbonyl content did not change after either 12 or 24 weeks of empagliflozin treatment (data not shown).
Besides GSH content, we evaluated GSR gene expression, which codifies for the enzyme involved in GSH synthesis. As shown in Figure 2C , GSR levels increased significantly after 24 weeks of treatment (p < 0.05) compared to baseline. The same pattern was observed for the mRNA expression of CAT, another key antioxidant enzyme, which augmented in a significant manner after 24 weeks of treatment (p < 0.05; Figure 2D ).
Inflammatory Parameters
Because the main effects of empagliflozin on metabolism and oxidative stress were evident at 24 weeks of treatment, we focused on inflammatory markers at this time point. Analyzing the pro-inflammatory markers hs-CRP and MPO, we observed a significant decrease in both markers after treatment (both p < 0.05; Figure 3A,B) . In terms of the anti-inflammatory cytokine IL-10, we observed a significant increase in its levels following treatment (p < 0.05; Figure 3C ). 
Because the main effects of empagliflozin on metabolism and oxidative stress were evident at 24 weeks of treatment, we focused on inflammatory markers at this time point. Analyzing the proinflammatory markers hs-CRP and MPO, we observed a significant decrease in both markers after treatment (both p < 0.05; Figure 3A, B) . In terms of the anti-inflammatory cytokine IL-10, we observed a significant increase in its levels following treatment (p < 0.05; Figure 3C ). 
Discussion
iSGLT2s are a new class of oral hypoglycaemic drugs that block glucose reabsorption at the renal level, thus promoting urine glucose and sodium excretion and reducing plasma glucose levels [21] . In the present study, we have focused on the effects of empagliflozin on oxidative stress in the leukocytes of T2D subjects, and on inflammatory parameters. In addition to a reduction in body weight and an improved metabolic profile-characterized by reduced plasma glucose and HbA1c levels-we observed a reduction in mitochondrial superoxide production in diabetic patients after treatment with the iSGLT2 empagliflozin, together with increased antioxidant defenses. Moreover, reduced proinflammatory markers and increased anti-inflammatory parameters were maintained after 24 weeks of treatment with empagliflozin. Besides their glucose-lowering effect, iSGLT2s produce changes in the lipid profile that should also be highlighted. Empagliflozin treatment is correlated with increased total cholesterol due to slight increases in HDL-c and LDL-c, as we have observed, and reported in other studies [22, 23] . However, there is a well-documented cardiovascular protection exerted by iSGLT2s, which endows these drugs with clinical potential [24] . This has been reflected by several studies, such as the EMPA-REG OUTCOME study [25] in which a reduction of 38% in cardiovascular mortality was evident in the empagliflozin vs. placebo group. However, neither the reduction in HbA1c observed in the study (0.60% over 12 weeks) nor the reduction in SBP (up to 5 mmHg) are sufficient to explain the reported protection against cardiovascular mortality [26, 27] .
Interestingly, as little as 24 weeks of treatment with iSGLT2 is sufficient to witness their beneficial effects on HbA1c, body weight, blood pressure and, most importantly, on the cardiovascular system [28] . As an example, the reduction in hospitalization rates for heart failure in the group treated with empagliflozin in the EMPA-REG OUTCOME study was already significant at this time point [25] . A recent study demonstrated an improved arterial stiffness after 6 weeks of treatment with empagliflozin in T2D patients, and hs-CRP was shown to be one of the main significant determinants for this improvement [29] . Nevertheless, despite the available evidence, the molecular mechanisms underlying the cardiovascular protection attributable to iSGLT2 treatment are 
Interestingly, as little as 24 weeks of treatment with iSGLT2 is sufficient to witness their beneficial effects on HbA1c, body weight, blood pressure and, most importantly, on the cardiovascular system [28] . As an example, the reduction in hospitalization rates for heart failure in the group treated with empagliflozin in the EMPA-REG OUTCOME study was already significant at this time point [25] . A recent study demonstrated an improved arterial stiffness after 6 weeks of treatment with empagliflozin in T2D patients, and hs-CRP was shown to be one of the main significant determinants for this improvement [29] . Nevertheless, despite the available evidence, the molecular mechanisms underlying the cardiovascular protection attributable to iSGLT2 treatment are still unknown, though amelioration of oxidative stress has been hypothesized to be a potential contributor [30] . Because cardiac tissue possesses low antioxidant defenses, increasing the expression or activity of antioxidant enzymes could be a mechanism of cardiac protection under high risk situations such as T2D.
Oxidative stress occurs when the production of pro-oxidant species overcomes the intrinsic antioxidant defense system of the cell, thus triggering damage to lipids, proteins and DNA, and eventually compromising cellular and tissue function. Exploring the role of SGLT2 inhibition in the prevention or reduction of oxidative stress conditions has been the subject of several studies over the last decade. However, to date, most of the studies evaluating the effect of iSGLT2 on oxidative stress have been performed in animal models [31] [32] [33] .
Our data demonstrate that T2D patients receiving iSGLT2 treatment undergo a reduction in mitochondrial superoxide production in parallel to an increase in glutathione content, and markedly so after 24 weeks of treatment. This is accompanied by increased expression of the antioxidant enzymes GSR and CAT. However, no changes in plasma protein carbonyl content were observed with empagliflozin treatment at these time-points. Whether this could be due to the small sample size or would require long-term empagliflozin treatment needs to be addressed in future research. Our findings are in accordance with previous studies in rat models of T2D, in which increased antioxidant enzyme content [32] and activity [33] in renal tissues has been reported. Furthermore, iSGLT2 treatment in diabetic mice has been shown to induce antioxidant gene expression (manganese-dependent superoxide dismutase and CAT) in adipose tissue and muscle [34] .
Our study provides consistent and novel evidence of the antioxidant effect of empagliflozin treatment in humans. In this regard, one study showed that dapagliflozin, another iSGLT2, promoted a reduction in urinary isoprostane excretion, an indirect marker of oxidative stress, although this effect was acute (2 days of dapagliflozin treatment) and chronic effects were not evaluated [35] . Regarding empagliflozin, a previous study in patients with T2D showed that the use of empagliflozin was associated with a reduction in oxidative stress, although the study's duration was rather short (28 days). Moreover, changes were evident in a single marker of oxidative stress-namely, the urinary excretion of 8-iso-prostaglandin F2α-but neither reactive oxygen species production nor antioxidant content were studied in cells isolated from such patients [36] . We have focused our study on immune cells, which are key players in the context of metabolic diseases, and particularly in T2D [6] . Circulating leukocytes participate in the maintenance of a chronic low-grade inflammatory state that is ongoing during T2D and could be one of the main causes of increased cardiovascular risk in these patients. Moreover, T2D patients are characterized by increased circulating proinflammatory cytokines and decreased anti-inflammatory IL-10, with these molecules being released by leukocytes [37] [38] [39] . We observed decreased inflammation following 24 weeks of empagliflozin treatment, evidenced by a drop in circulating hs-PCR. In addition, serum myeloperoxidase concentration was also markedly reduced by iSGLT2. This pro-oxidant enzyme is mainly released by neutrophils as an anti-microbial response, but enhanced levels have been observed during chronic inflammatory situations, and may trigger damage to the vascular walls [40, 41] . We have previously demonstrated higher levels of myeloperoxidase in T2D patients, especially in those with vascular complications [42] .
The present study, indicates that myeloperoxidase levels are reduced with empagliflozin, suggesting that this may be the way in which empagliflozin prevents the oxidative damage to the endothelium that precedes many of the complications of diabetes. We observed a concomitant increase in the anti-inflammatory cytokine IL-10 after 24 weeks of empagliflozin treatment. This finding supports an anti-inflammatory role of iSGLT2, which could contribute to preserving the vascular system in T2D patients. Recently, an ex vivo study demonstrated that SGLT2 inhibition prevents the hyperglycaemia-induced impairment of endothelium-dependent vasodilatation [43] . In accordance with these potential benefits to the vascular system, animal studies have shown that empagliflozin protects against vascular complications by undermining oxidative stress [31, 44] , which is reinforced by our present findings.
Is important to take into account that empagliflozin may decrease hs-CRP and reduce the levels of lipoproteins via ameliorating insulin resistance [45] . Therefore, the cardiovascular benefits conferred by empagliflozin might be driven at least partly by anti-inflammatory effects, and this mechanism might cooperate with reduced blood pressure, also observed under empagliflozin treatment [45] . The underlying mechanisms to explain empagliflozin-induced anti-inflammatory effects are multiple, but may involve weight loss, a reduction in adipose tissue inflammation, a slight increase in ketone bodies, and diminution of uric acid levels or attenuation of oxidative stress [46] .
Conclusions
In summary, this study provides new evidence of the antioxidant and anti-inflammatory properties of empagliflozin treatment in humans. These benefits may play a role in the well documented cardiovascular protection provided by iSGLT2, although the precise underlying mechanisms require further investigation.
